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Abstract 
Milling is a common unit operation in industry to achieve a desired particle size distribution. Particle breakage in a milling 
operation is related to the mechanical properties of particle and to the loading events that prevail in the mill. Despite many 
studies to investigate the breakage mechanism of particles during milling, establishing the grindability of a material in a milling 
operation remains challenging. The aim of this paper is to provide a better understanding of damage accumulation and breakage 
mechanism that lead to breakage of particles from the micro-scale events. In this study, a compressive test of single particle 
coupled with in-situ X-ray computed microtomography (μCT) was carried out. To characterize the damage accumulation of 
particle under different stages of compressive loading, two methods were employed. The first was to visualize 3D data by 
stacking scanned slices and then segmenting the 3D object into different phases using the image processing software Avizo 
Fire™. The second was to measure relative movement between consecutive slices by means of digital image correlation (DIC). 
The 3D crack representations are evaluated using the two methods and compared. The evolution of inherent crack which gives 
rise to damage accumulation leading to ultimate breakage of the particle is visualized and quantified. The results show that the 
combination of XCT with DIC provides an improved method to study the breakage mechanism of individual particle under 
compression. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Milling is a very common operation in a wide spectrum of industrial sectors for the purpose of intentional size 
reduction [1, 2]. Particle breakage in a milling operation results from particle-particle and particle-equipment 
interaction, and is related to the mechanical properties of particle and the loading cases [3, 4]. Despite many attempts 
to interpret particle breakage in a milling process, the grindability of a material in a milling operation remains 
elusive. Therefore, the optimization of the design and operation of milling demands an improved scientific 
understanding of the complex failure mechanics.   
X-ray computed microtomography (μCT) is fast becoming a routine tool for the non-destructive 3D 
characterization of materials because of its micron to sub-micron ultimate resolution enabling clear and distinct 
visualization of a material’s internal density structure. The technique of x-ray μCT is based on the attenuation of a 
transmitted x-ray beam as a consequence of the differing mass attenuation characteristics of the different materials 
comprising the sample being analyzed. Digital image correlation (DIC) is a tool for 2D and 3D deformation 
measurement and is widely used in the field of experimental mechanics [5]. The method is to retrieve displacement 
fields in two digital images of the same sample at different loading stages. In this study, a compressive test of single 
particle coupled with x-ray μCT was performed. The data obtained by μCT was visualized in 3D and segmented into 
different phases using the image processing software Avizo FireTM [6]. The spatial orientation of particle around 
rotation axis during x-ray μCT was corrected in DIC to enhance the quality of normalized images. Then, the stacked 
images of the same particle before and after compression were compared with high profile similarity in slices.  
2. X-ray µCT and compressive test 
Zeolite 4Ak was chosen as the semi-brittle test particle. The selected zeolite granules are 1.2-2.0 mm in diameter 
(Fig. 1). Three particles were scanned using x-ray μCT (Fig. 2a) before compression. Then a compressive test of the 
three scanned particles was carried out using Instron Machine (Model 4500 Testing System) as shown in Fig. 2b at a 
displacement rate of 0.12 mm/min until a maximum load of 3N, 6N and 9N was achieved for each particle 
respectively. After compression the three particles were re-scanned using x-ray μCT.  
 
Fig. 1 Illustration of test particles: zeolite 4Ak 
                   
Fig.2 X-ray μCT apparatus (a) and Instron compression machine (b) 
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 The 1000 tomographic projections were collected by incremental rotation of the sample through a 360 degree 
rotation. Data were reconstructed by filtered back projection using Octopus 8.7 [7] and 2D tomographic slices were 
stacked for 3D volume rendering using Avizo FireTM after beam hardening and ring artifacts were filtered in post-
processing.  
3. Image processing in Avizo FireTM 
3.1. Volume rendering via slices stack 
As shown in Fig. 3 is one of the tomographic slices of particle before compression after data reconstruction in 
Octopus 8.7. The inherent crack is clearly seen and 3D volume rendering of the particle is achieved by stacking the 
sequential slices in Avizo FireTM (Fig. 4). 
 
 
 
 
 
 
 
 
 
                         
      Fig. 3 Schematic representation of slice with crack                                                 Fig. 4 3D volume rendering of single particle 
3.2. Line probe 
                                  
 
 
 
 
 
 
 
 
 
                                      
Fig. 5 Line probe of slice-path AD (a) and variation of gray value along AD (b) 
     Line probe is taken along a line which may be arbitrarily drawn and the control points (e.g., point A and D in Fig. 
5a) of the line determine the locations where the probe is to be taken.  The line probe exerted on 2D image of 
particle cross-section, i.e. slice is used to investigate the variation of gray value along the straight line. Fig. 5a shows 
the straight line AD placed across the slice and Fig. 5b shows the sensitivity of location on the slice and the 
fluctuation of gray value along the probe line AD. It can be clearly seen that the gray value is increasing in section 
AB, peaking in point B because the brightest spot in B indicates the highest density of the substance. The gray value 
diminishes dramatically after point B and remains a lower value in point C, which indicates the existence of void 
space. The gray value increases promptly after passing through point C and fluctuates a long section before coming 
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across the boundary of the slice. The gray value along the line, which passes through the slice boundary, drops 
rapidly to roughly zero since the probe line is in the section of background. Considering the feature of crack is small 
enough in Fig. 5a, a partial volume effect into the voxel at the fracture is introduced, which leads to a discrepancy 
between the known gap size of crack and that inferred from the distance across the valley in slice. Another point to 
note is that the gray value in point c which is the crack location, however, is not the point of lowest gray value. The 
small-scale fluctuation around point c may represent a combined effect of both inherent crack variability and image 
artifact. Partial volume effect and gray value fluctuation in the valley point is explained in [8]. 
3.3. Crack representation by segmentation 
 
 
 
 
 
 
 
 
 
                      
Fig. 6 Crack representation in slices of particle before (a) and after (b) compression via thresholding 
Segmentation is an important procedure in image processing to display the region of interest. The module of 
interactive thresholding in Avizo FireTM is used by specifying the discrete values of gray scale, which represents the 
value range of crack. Fig. 6 shows selected slices and the defect region after thresholding. By so doing, the feature 
of crack is picked out as a function of discrete greyscale class and the 3D phase of crack in particle before and after 
compression can be visualized (Fig. 7). It indicates from Fig.7 that the changes of 3D crack of particle before and 
after compression can be qualitatively observed. However, the segmentation approach used to deal with phase 
thresholding cannot provide quantitative information. A more advanced data processing method is required, which is 
stated in the following section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                
                      
Fig. 7 3D crack rendering of particle (a) before compression and (b) after compression 
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4. Digital image correlation 
DIC can retrieve the displacement fields of two digital images by setting up the correlation window with pixel 
units, which gives the accurate value of relative movement of particle under different loading conditions. First, the 
spatial orientation of particle around rotation axis during x-ray μCT scanning is corrected to enhance the quality of 
normalized images. Then, stacked images of the same particle before and after compression are compared with high 
similarity in shape based on remarkable reference points. 
4.1. Spatial orientation correction 
In the process of scanning, the particle should be always positioned in the center of rotation axis and the rotation 
axis should be aligned with the detector to ensure that no spatial motion for the scanned particle occurs to obtain 
projection data with high quality. However, in practice, there is some change in orientation and movement which are 
mainly affected by the external scanning environment. The sketch of rotation offset is shown in Fig. 8. It can be seen 
that the particle in Fig. 8a is positioned in the center of rotation axis at angle θ1 whilst the particle in Fig. 8b is not 
positioned well at angle θ2.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Sketch of rotation offset during CT scanning             
 
Fig.9 Phase plot of subtraction between No.1 and No.2 images (a); between No.1 and No.1000 images (b) 
The existence of spatial orientation during scanning can be evidenced by the comparison of normalized images 
with different numbers. The subtraction of sequential images and between the first and last images is performed in 
ImageJ [9]. The difference between subtraction of different images is dramatic as indicated in Fig.9. Fig. 9 is the 
phase plot in which red color represents the positive displacement whereas blue color represents the negative 
displacement. Fig.9a indicates that offset in sequential images is trivial since no color around the particle exhibits 
apparent movement. However, in terms of Fig.9b, red color in the upper right profile of subtraction image can be 
obviously observed whilst blue color in the lower left profile of subtraction image is evident. This implies that the 
a b 
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offset around rotation axis in the whole process of scanning should not be negligible although it is not apparent in 
the sequential images.                                         
To address this problem, linear interpolation method [10] is proposed to compensate the spatial orientation in 
data collection process. First, the relative movement between the first and the last images is regarded as a vector. 
The component in x direction and y direction is measured respectively. Then the overall movement in each direction 
is linearly interpolated in the whole images. After linear interpolation algorithm is applied to individual images, the 
bias in spatial orientation is reduced to acceptable levels. The phase plot corresponding to Fig.9 after offset 
correction is shown in Fig.10. 
 
 
 
 
 
 
  
 
 
 
          
                
Fig.10 Phase plot of subtraction after offset correction between No.1 and No.2 images (a); between No.1 and No.1000 images (b) 
Compared with Fig.9, especially in Fig.10b, the effect of offset correction is evident and there is relatively small 
motion around the particle profile, which ensures that the projection data is collected around the same rotation axis 
to the best extent. Offset correction is very important in data reconstruction simply because the error introduced by 
improper data collection leads to erroneous reconstruction and thus results in unreliable image processing in the 
following stage. 
4.2. Correlation window 
 
 
 
 
 
 
 
 
 
 
 
 
 
               Fig.11 Line probe of correlation window                                         Fig.12 Plot of variation of gray value along the line profile 
As shown in Fig.11 is the correlation window between two slices of the same particle before and after 
compression. Basically, the correlation value is varied between 0 and 1, in which 0 denotes no correlation with black 
color and 1 denotes complete correlation with white color. Inside the particle almost full area of white color 
occupies the region, which indicates a high correlation result between two compared slices. It can be confirmed by 
A 
B C 
D 
A B C D 
b a 
246   Lige Wang et al. /  Procedia Engineering  102 ( 2015 )  240 – 248 
plotting a straight line across the correlation window and the gray value versus line length is illustrated in Fig. 12. In 
section AB the gray value along the straight line increases dramatically from 0.25 to 1.0 whilst in section CD the 
gray value along the line drops rapidly from 1.0 to 0.0. However, the gray value in section BC keeps constantly as 
the value of 1.0, which achieves perfect correlation in this region. 
4.3. Displacement plot 
3D displacement of the compressed particle compared with the same uncompressed particle is achieved by 
calculating the displacement component of each correlated slice. The displacement in X, Y, Z direction is plotted in 
Fig.13 and the histogram of gray value is accordingly shown in Fig.14. As can be seen from Fig.13, displacement 
component in each direction is explicitly expressed by color map. The extent of displacement in each direction can 
be characterized by the color bar as indicated in Fig.14. 
                                            
Fig. 13 The legend of displacement component from DIC analysis in X (a), Y (b), Z (c) direction 
              
Fig. 14 The histogram of gray value of displacement component from DIC analysis in X (a), Y (b), Z (c) direction 
4.4. Crack Growth 
The crack tips of slice No. 420 from the same uncompressed and compressed particle along which the crack 
propagate are marked in Fig.15a and 15b respectively. It is observed that crack tip of particle has extended under 
compression from the zoomed images in Fig. 15c. The propagation route from point A to point B is depicted in 
Fig.15c and the propagation angle is calculated in ImageJ with the value of 25 degree. The crack growth is only 
observed from the crack tip A in the lower left corner although the loading is applied to 76% of the crushing force. It 
could be interpreted that the stored strain energy during compression is not large enough to generate a new surface 
and only slight crack growth is observed with pixel units. Although three particles were compressed coupled with x-
ray μCT, the related results herein are presented from only one scanned particle. 
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Fig.15 Illustration of No. 420 slice of the same particle before (a) and after (b) compression with marked crack tip and propagation path after 
76% loading of crushing force (c) 
The particle with inherent crack is compressed to investigate how crack growth occurs under loading condition. 
Plane displacement field surrounding the propagating crack is obtained using in-house generated and tested DIC 
code. The plot of plane displacement vector of slice No. 420 in virgin particle and the plot of plane displacement 
vector surrounding crack are shown in Fig.16. The length of arrow represents the degree of displacement in the node. 
It is noticed that the displacement surrounding the inherent crack inside the particle after compression is not as 
distinct as that in other regions. 
 
 
 
 
 
 
 
 
 
                                 
                                        
Fig. 16 Plot of plane displacement vector of slice No. 420 in virgin particle (a) and plot of plane displacement vector surrounding crack (b) 
5. Conclusion 
The compressive test of single particle coupled with X-ray CT was carried out to give a better understanding of 
particle breakage from the micro-scale events. The 3D volume of particle was visualized and the line probe was 
A B 
b a 
c 
a 
a b 
248   Lige Wang et al. /  Procedia Engineering  102 ( 2015 )  240 – 248 
employed to show the variation of grayscale. The 3D object was segmented to characterize the inherent crack in the 
particle by specifying thresholding value in Avizo Fire™. The spatial orientation of particle during projection is 
investigated by subtraction command in ImageJ and this problem is properly solved by linear interpolation 
algorithm. By using DIC, with one image taken before inherent crack propagates and one taken afterwards, full field 
displacement can be clearly shown and the extent of crack development can be quantified. There is only slight crack 
development until the loading is applied to 76% of crushing force largely due to the lack of enough strain energy to 
generate a new surface around the crack. The presented results show that the combined use of XCT and DIC is 
proven a valuable tool to study the breakage mechanism of individual particles under compression. 
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